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Summary

Dengue viruses (DENV), a group of four serologically distinct but related

flaviviruses, are responsible for one of the most important emerging viral

diseases. This mosquito-borne disease has a great impact in tropical and

subtropical areas of the world in terms of illness, mortality and economic

costs, mainly due to the lack of approved vaccine or antiviral drugs. Infec-

tions with one of the four serotypes of DENV (DENV-1–4) result in

symptoms ranging from an acute, self-limiting febrile illness, dengue fever,

to severe dengue haemorrhagic fever or dengue shock syndrome. We

reviewed the existing mouse models of infection, including the DENV-2-

adapted strain P23085. The role of CC chemokines, interleukin-17 (IL-17),

IL-22 and invariant natural killer T cells in mediating the exacerbation of

disease in immune-competent mice is highlighted. Investigations in

both immune-deficient and immune-competent mouse models of DENV

infection may help to identify key host–pathogen factors and devise novel

therapies to restrain the systemic and local inflammatory responses associ-

ated with severe DENV infection.

Keywords: chemokines; cytokines; dengue virus; invariant natural killer

T cells; mouse model; T helper type 17.

Introduction

Dengue is the most important arboviral infection trans-

mitted by Aedes mosquitoes, leading to severe disease in

2�5 billion people, and represents a rapidly growing major

public health concern. There are between 50 and 100 mil-

lion infections each year in tropical and subtropical coun-

tries, with approximately 500 000 cases admitted to

hospital with severe and potentially life-threatening dis-

ease1,2 (http://www.who.int/topics/dengue/en/). Bhatt

et al.3 showed using updated cartographic approaches, that

there are 390 million dengue infections per year, of which

96 million manifest some level of disease severity. In ende-

mic countries, the burden of dengue is approximately 1300

disability-adjusted life-years per million population, which

is similar to the disease burden of other tropical diseases,

notably tuberculosis, in these regions.4,5 All four dengue

virus serotypes (DENV-1–4) are now circulating in Asia,

Africa and the Americas. The molecular epidemiology of

these serotypes has been extensively studied in order to

understand their evolutionary relationship.6 Treatment of

dengue fever (DF) or dengue haemorrhagic fever/dengue

Abbreviations: ADE, antibody-dependent enhancement; ALT, alanine aminotransferase; AST, aspartate aminotransferase; DENV,
dengue virus; DF, dengue fever; DHF, dengue haemorrhagic fever; DSS, dengue shock syndrome; IFN-a, interferon-a; IL, inter-
leukin; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein; NSG, NOD-scid IL2rcnull; STAT, signal
transducer and activator of transcription; Th1, T helper type 1; TNF-a, tumour necrosis factor-a; vNKT, variant NKT; WT,
wild-type
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shock syndrome (DHF/DSS) is largely supportive and the

lack of clinical or laboratory markers for an efficient diag-

nostic, associated with the lack of a vaccine or specific

treatment, puts a serious burden on the health systems of

low-income countries.4

Basic virology

Dengue virus is a lipid-enveloped virus that contains a

single-stranded, positive-sense RNA genome. The virus is

a member of the Flaviviridae family and is related to the

viruses that cause yellow fever and Japanese, St Louis and

West Nile encephalitis. Similar to other flaviviruses, they

are transmitted to the host by an infected vector, Aedes

aegypti and Aedes albopictus mosquitoes. Flaviviruses enter

target cells by receptor-mediated endocytosis and traffic

to endosomes, where the acidic environment of the late

endosome leads to important conformational changes in

their envelope glycoprotein protein that is responsible for

inducing fusion of the viral and host cell membranes.7,8

The released RNA encodes a polyprotein precursor of

approximately 3400 amino acids. This polypeptide will be

post-translationally processed by host cell signalases and

the virus-encoded protease NS2B/NS3 to produce three

structural and seven non-structural proteins. The structural

proteins – core, pre-membrane and envelope – constitute

the viral particle while the non-structural proteins (NS1,

NS2A, NS2B, NS3, NS4A, NS4B and NS5) are involved in

viral RNA replication, virus assembly and modulation of

the host cell responses.7,9,10 The replication of flavivirus

generally occurs on virus-induced host cell membranes.

DENV requires autophagy for efficient replication, with

recent studies showing that DENV infection induces auto-

phagy, and the inhibition of autophagy reduces signifi-

cantly DENV replication and release of viral particles.11–13

These structures may serve as a scaffold for anchoring the

viral replication complexes, which consist of viral RNA,

viral proteins and host cell factors.14

Clinical and immunological aspects of disease

Dengue is now considered an important neglected tropi-

cal disease. Although many studies have been carried out

for almost a century, many aspects of disease remain

unresolved. The great lack of knowledge on dengue path-

ogenesis is a major factor that contributes to a striking

human and economic burden. Disease development is

not fully understood, which has delayed the development

of vaccines, treatments and effective methods for DENV

detection.15

After infection of an immune-susceptible host, an

acute, self-limiting febrile systemic syndrome starts to

develop. Resolution of infection normally occurs within

4–7 days and is associated with a robust innate and adap-

tive immune response. The diagnosis is largely clinical,

treatment is supportive and disease control is limited to

the elimination of its vectors.1,2 Primary infection in

older children and adults normally lead to DF, a febrile

illness accompanied by a combination of non-specific

symptoms that may include headache, retro-orbital pain,

myalgia and occasionally haemorrhagic manifestations.1,16

Some patients, such as newborns and elderly people, occa-

sionally develop DHF, the most severe form of dengue

disease. The hallmark of DHF is the presence of plasma

leakage and haemoconcentration, which can lead to the loss

of intravascular volume and circulatory insufficiency.16

Significant bleeding is also a clinical feature associated with

severe disease. Bleeding can be observed in both DF and

DHF; more severe bleeding, such as bleeding from the gas-

trointestinal tract, is found more frequently in DHF than in

DF. Increased liver enzymes [aspartate aminotransferase/

alanine aminotransferase (AST/ALT)] and thrombocytope-

nia (platelet count < 100 000 cells/mm3) are commonly

observed in both DF and DHF patients but are more

severe in DHF.16,17 However, haematocrit readings can be

affected by factors such as fever, dehydration and haem-

orrhage. Patients with DHF who have narrow pulse pres-

sure (<20 mmHg) or who show signs of shock are

classified as having DSS. Other severe clinical manifesta-

tions including hepatic failure and encephalopathy have

been reported in dengue patients.16–18 Viral load is

controlled by the host after a few days, when signs of sys-

temic inflammation are still observed. Patients with DHF/

DSS present a ‘cytokine storm’, with high levels of circu-

lating pro-inflammatory cytokines leading to endothelial

activation and vascular leak with haemorrhage and

shock.1,4,16 T lymphocytes, monocytes, macrophages,

hepatocytes and endothelial cells have been shown to con-

tribute to a robust production of interferon-a (IFN-a),
IFN-c, tumour necrosis factor-a (TNF-a), interleukin-1b
(IL-1b), IL-2, IL-6, IL-8, IL-10,CCL2, CCL3, CCL4,

CCL5, CXCL-8, CXCL-10, CXCL-11, macrophage migra-

tion inhibitory factor and vascular endothelial growth

factor in the plasma of DF and DHF patients.16,19 This

cytokine storm is accompanied by activation of the coag-

ulation system, acute-phase proteins, soluble receptors

and other mediators of inflammation.2

Immunological features

There has been increasing interest in understanding the

cellular mechanisms that DENV exploits to enter the host

cell. Langerhans cells, dermal cells and interstitial den-

dritic cells have been proposed to be the initial targets for

DENV infection at the site of the mosquito bite.2,10,20

Dendritic cell-specific intercellular adhesion molecule-3-

grabbing non-integrin (DC-SIGN)21 and the mannose

receptor (CD206)22 have been described as potential host

receptors for virus entry. These interactions allow clath-

rin-mediated or Rab5-mediated endocytosis and transport
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process, finally supporting viral replication.23,24 The

mononuclear phagocyte lineage represents the primary

target for DENV, but a variety of other host target cells

have been identified so far25 and include hepatocytes,

lymphocytes, endothelial cells, neuronal cells and muscle

satellite cells.26 However, the mechanisms involved in

cellular tropism and viral replication are not known.

Regarding viral evasion, signal transducer and activator of

transcription 2 (STAT2) appears to be a key component of

the STAT1-independent mechanism of protection against

DENV infection in mice. Perry et al.27 demonstrated that

both STAT1 and STAT2 possess the ability to indepen-

dently limit the severity of DENV pathogenesis. For many

viruses, inhibition of STAT-mediated signalling is a major

mechanism to evade antiviral responses. Their data suggest

that DENV-mediated inactivation of STAT1 function

alone is not sufficient to neutralize antiviral responses;

emphasizing the importance of DENV mechanisms to spe-

cifically target host STAT2 function. Increasing evidence

suggests that the relative ability of flaviviruses to subvert

STAT signalling, including DENV, West Nile encephalitis

virus, Japanese encephalitis virus and Kunjin virus, may be

a contributing factor to their virulence.

The mechanisms underlying severe dengue disease are

currently being investigated by several research groups,

identifying components that are essential for dengue-

induced immune enhancement. The imbalanced and

deregulated cell-mediated immunity is a pivotal compo-

nent.10,16 In this phenomenon, DENV infection of

dendritic cells strongly activates CD4+ and CD8+ T cells.

Activation of T lymphocytes leads to the production of

pro-inflammatory cytokines (i.e. TNF-a, IFN-c) that may

be pathogenic in the context of excessive T-cell activation,

which is commonly observed in severe dengue.28,29 How-

ever, another study showed that infants with DSS had more

CD69+ natural killer (NK) cells and CD8+ and CD4+ T

lymphocytes compared to those with DHF without shock

syndrome.30 Hence, the use of CD4+ and CD8+ T-cell

counts as predictors of severe dengue require further stud-

ies. Different cytokines are produced by DENV-specific T

cells in response to the recognition of peptide–MHC com-

plexes on target cells. The pattern of cytokine production

follows a T helper type 1 (Th) or Th0 profile. These T cells

may produce IFN-c, TNF-a, IL-2 and CC chemokine

ligand 4 [CCL4; also known as macrophage inflammatory

protein-1b (MIP-1b)], whereas the production of Th2 type

cytokines, such as IL-4 and IL-13, is less common and less

investigated.31–33 Studies have shown that CD8+ T cells

specific to the DENV serotype of a previous infection

appear to be preferentially expanded during a secondary

infection.34,35 Analysis of the functional phenotypes of

CD8+ T cells in DHF cases have revealed that cross-recog-

nition is associated with reduced cytolytic/cytotoxic activity

without a significant effect on cytokine production.32,35 In

addition, activation with peptide variants has been shown

to induce different sets of cytokines when compared with

stimulation with the original peptide in both CD4+ and

CD8+ T cells.31,36 Cytokines and chemokines induced by

suboptimal activation of T cells may augment vascular per-

meability leading to plasma leakage in DHF. Indeed,

chemokines such as MIP-1b and monocyte chemoattrac-

tant protein 1 (MCP-1) are proteins that reduce tight

junctions of vascular endothelium cells in different

inflammatory diseases. High concentrations of these pro-

teins have been reported in patients with DHF/DSS.37,38

Endothelium exposure to these chemokines can cause

injury, amplification of the inflammatory response and

finally lead to severe dengue disease.37

Approximately 90% of DHF/DSS cases are associated

with secondary infection by a heterologous serotype,

while the remaining 10% result from primary infection.

In the context of a heterologous secondary infection,

memory B cells generated against the primary infection

will respond quickly, producing high titres of antibodies

that will potentiate the current infection instead of neu-

tralizing the virus. This response is another important

component in immune enhancement, being defined as

antibody-dependent enhancement (ADE). Heterologous

non-neutralizing antibodies are able to recognize dengue

viral epitopes and enhance infectivity in an Fc-dependent

manner.2,5,16 Briefly, ADE potentiates infection by linking

potentially infective virus to its target cells, essentially

monocytes and macrophages. These cells express receptors

for the Fc portion of antibodies, in this case FccR, which
binds IgG. Non-neutralizing virus/antibody complexes are

captured via FcR and internalized. Since the uptake of

virus–antibody complexes is more efficient than the entry

of free virus through host cell receptor, DENV infection

is enhanced.2,29 It is not well understood how a greater

viral load emerges from ADE-infected cells and how a

greater viral load would provoke severe disease, especially

because increased viral load alone is not the direct cause

of plasma leakage.1,16 The final interpretation of ADE in

terms of mechanisms and real impact on disease remains

to be further explored.

Mouse models of infection

There is no perfect animal model to the study of DENV

infection pathogenesis. A great part of these studies was

performed using patient samples (plasma or peripheral

blood mononuclear cells). These studies were descriptive

and a link between systemic and local immune responses

in the course of infection is frequently not possible to

address. Non-human primates have been extensively used

to study ADE and to test the efficacy and safety of pre-

clinical vaccines.39 However, there is an intense debate in

terms of cost and accessibility of these models to answer

precise questions about disease pathogenesis. In the face of

those limitations, a genetically appropriate mouse model
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would be essential to determine how different immune

system components regulate a protective immune

response, and to investigate how T cells and other leuco-

cytes, endothelial cells and cytokines contribute to

severe disease during primary and secondary heterologous

infection. Initial attempts to develop a mouse model for

dengue in immunocompetent mice with high titre viral

infection were unable to recapitulate several important

aspects of human DENV infection, including replication

in peripheral tissues and development of the hallmark

symptoms of DENV disease.19,40

Immune-competent mouse models have been shown to

be resistant to DENV infections, because of the ability of

their innate immune system to respond efficiently with

total viral clearance, though success has been seen with

mouse-adapted viruses and/or artificial infection routes

such as intracranial and intraperitoneal injection. In vivo

studies have shown that DENV inhibits type I IFN pro-

duction and that lack of type I IFN response renders mice

susceptible, indicating that this mechanism of immune

response subversion is critical for DENV success and so

affects transmission.41,42 In addition, others have shown

that downstream protein expression induced by type I

IFN and the Janus kinase/STAT pathway play important

roles in DENV infection control.42,43

Sabin and Schlesinger showed in 1945 that DENV can

be propagated by intracerebral inoculation in mice.44

Even if the initial adaptation to the mouse seemed to be

a tedious and difficult process, 16 consecutive passages

have been achieved and the virus propagated in mice pro-

duced dengue in human volunteers, but was not patho-

genic for cotton rats, hamsters, guinea-pigs or rabbits.

Intracerebral infection with neurotropic DENV strains

has been performed to adapt human isolates to mice.

DENV isolates passed serially from brain to brain led to

increased neurovirulence and neurotropism in mice44 and

a clear attenuation in human volunteers.45 However, viral

encephalitis is not a major clinical symptom in human

dengue disease, as nervous system involvement in DENV

infections is rare and few cases are reported.46 The IFN

system is critical to the host antiviral response, which led

to the use of AG129 mice, which are type I and II IFN-R-

deficient 129 mice, immune deficient and highly suscepti-

ble.47 Intraperitoneal infection with the mouse-adapted

neurotropic DENV-2 strain, New Guinea C, led to 100%

lethality in AG129 mice, all of them presenting paraly-

sis.48 The neuroinflammatory changes led to alterations in

motor behaviour and muscle tone and strength in

DENV-3-infected mice. The neuroinflammatory process

was marked by up-regulation of the chemokines CCL2,

CCL5, CXCL1 and CXCL2, and of the cytokines TNF-a
and IFN-c, which occurs in parallel with increased leuco-

cyte rolling and adhesion in meningeal vessels and infil-

tration of immune cells into the brain.49 In summary,

even if these models were used to study antiviral com-

pounds or behaviour, the major limitation involving

immune-compromised mice is that paralysis is not a

major clinical observation in DENV infection.

Initial tropism studies using the AG129 (IFN type I and

II receptor-deficient) model demonstrated that clinical iso-

lates from all four DENV serotypes replicate efficiently in

spleen, lymph node, bone marrow and muscle.50 Negative-

strand viral RNA was detected in dendritic cells and macro-

phages of the lymph node and spleen.50 To develop an

experimental model where viral encephalitis was not the

major clinical observation, Shresta et al.47 infected AG129

mice intravenously with the DENV-2 strain PL046. Infected

AG129 mice succumbed to DENV infection, presenting

increased levels of TNF-a and vascular leakage syndrome.

AG129 mice are able develop cross-reactive and long-last-

ing antibody responses to DENV.51 Sequential DENV

infection in AG129 mice results in decreased viral load of

the second serotype and full protection against lethal infec-

tion. AG129 and other mouse strains have been used to

study ADE by passive transfer of anti-DENV monoclonal

antibodies, cross-reactive immune serum, or diluted homo-

typic serum before infection.52,53 Mortality was associated

with vascular leakage syndrome, high levels of TNF-a and

thrombocytopenia, similar to the clinical findings observed

in DHF/DSS in humans. No memory response was

observed in mice receiving passive transfer of serum or

antibody. Hence, models of sequential DENV infection

may be useful to study ADE in the presence of a cellular

memory immune response. The AG129 mouse model

might therefore be useful to examine the role of antibody

repertoire and function in mediating DENV protection and

enhancement, and to unravel the contribution of B and T

memory cells in modulating secondary DENV infection. As

IFN signalling is essential to the protective immune

response against DENV, an obvious limitation of models

using AG129, IFN-a/bR�/� and STAT1�/� mice is the dif-

ficulty in studying the cell-mediated immune response

against DENV as a whole in mice that lack important com-

ponents of the host antiviral system.47,54

Humanized mice provide a controlled animal model that

allows in vivo infection of human cells with DENV and elic-

its human DENV-specific immune responses. Using cord

blood haematopoietic stem cell-engrafted NOD-scid

IL2rcnull (NSG) mice, Jaiswal et al.55 showed that the en-

grafted mice support DENV infection. Human T cells from

infected NSG mice expressing the HLA-A2 transgene pro-

duced IFN-c and TNF-a upon stimulation with DENV

peptides. These mice also developed moderate levels of IgM

antibodies directed against the DENV envelope protein.55

Humanized NSG mice xenografted with human CD34+

cells from cord blood and infected with DENV-2 clinical

strains showed signs of DF disease (fever, viraemia, ery-

thema and thrombocytopenia).56 The NOD/SCID strain of

mice lacks T and B cells and has defects in NK cell function

and antigen-presenting cell development and function and
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genetically lacks C5, resulting in a deficiency in haemolytic

complement; it therefore provides an excellent environ-

ment for reconstitution with human haematopoietic cells

and tissues.57 The same research group demonstrated that

the virus can infect human cells in the bone marrow, spleen

and blood, with efficient secretion of cytokines and chemo-

kines by human cells in humanized mice.58 Finally, upon

virus transmission with A. aegypti exposure the authors

showed DHF/DSS (higher viraemia, erythema and throm-

bocytopenia, production of IFN-c, TNF-a, IL-4 and IL-10).

This is the first animal model that allows an evaluation of

human immunity to DENV infection after mosquito inoc-

ulation.59

Immunocompetent models

Wild-type mice (BALB/c or C57BL/6) are resistant to

DENV infection, but they have been increasingly used to

investigate details of DENV pathogenesis. Intradermal

infection of C57BL/6 mice with a non-mouse adapted

DENV-2 strain, 16681, resulted in systemic haemorrhage

and death with a high inoculum.60 These mice also pre-

sented severe thrombocytopenia, high viraemia, TNF-a
production, macrophage infiltration and endothelial cell

apoptosis. The same group showed that intravenous infec-

tion of C57BL/6 mice with a high inoculum of DENV-2

16681 led to hepatic injury/dysfunction, an important fea-

ture of DENV infection in humans.61 One of the limita-

tions of the latter model is the fact that disease is observed

3 days after infection using a high viral inoculum, which is

inconsistent with clinical disease. BALB/c mice infected

intraperitoneally with DENV-2 also showed hepatic dam-

age and high levels of AST/ALT that peaked at day 7 post-

infection.62 These studies revealed that wild-type (WT)

mice can exhibit clinical signs of DENV infection, includ-

ing thrombocytopenia, haemorrhage and liver damage; a

close resemblance to DHF/DSS as observed in humans.

The DENV-2 P23085 adapted strain

A few research groups have adapted clinical DENV isolates

to the murine host to obtain adapted strains that are able

to induce disease resembling human infection. Atrasheus-

kaya et al.63 showed that young BALB/c mice (4-weeks

old) were found to be sensitive to the challenge with a

mouse-adapted DENV-2 (strain P23085, GenBank:

AY927231.1). They developed clinical manifestations such

as arching of the back, ruffling of the fur and slowing of

activity. The presence of DENV-2 virus in the blood was

confirmed by RT-PCR and mice showed severe weight loss

ending in limb paralysis and 100% mortality. The most

important changes in production of pro-inflammatory

markers were seen in TNF-a, which quickly increased

24 hr before death. This model supports the notion that

activation of the innate immune response is partially

responsible for mortality in DENV-2 virus infection. In line

with this hypothesis, anti-TNF-a treatment significantly

reduced the mortality rates.63 Similarly, BALB/c mice-

infected intraperitoneally with a DENV-2 isolate demon-

strated liver damage, as determined by high AST and

ALT levels that peaked at day 7 post-infection.64

Our group described a DENV infection model in adult

BALB/c or C57BL/6 mice (≥ 8 weeks old), using the

mouse-adapted DENV-2 strain (P23085), from Atrasheus-

kaya et al.63 The adapted virus given systemically (intra-

peritoneally) induced inoculum-dependent lethality that

was preceded by major manifestations of severe DENV

infection in humans such as mechanical hypernociception

(an index of pain), thrombocytopenia, haemoconcentra-

tion, increased vascular permeability, hypotension,

increased levels of cytokines and chemokines, tissue

haemorrhage, viraemia and recovery of viral load in tar-

get organs of infection.65–71 Viral replication and lethality

were abolished after in vitro or in vivo neutralization

using the anti-DENV-2 monoclonal antibody 4G2.68

Moreover, the adapted DENV-2 strain was not found in

the brain of intraperitoneally infected mice.71 This model

of DENV-2 infection in immune competent mice pro-

vides an important tool to study host–virus interactions

and mechanisms associated with severe disease manifesta-

tion, so contributing to the elucidation of DENV patho-

genesis.65,67–70 However, a possible drawback of the

model is that it uses a single strain that was adapted by

multiple passages in mice. All eventual modifications of

the virus to the murine host are currently under investi-

gation because they may cause a disease that is signifi-

cantly different to that of the original virus in humans.19

Table 1 summarizes the most studied mouse models of

dengue infection available in the literature.

We discuss here important pro-inflammatory molecules

and leucocyte populations that were identified as key play-

ers in the murine model of DENV-2 infection using the

mouse-adapted strain P23085. The inflammatory response

triggered by this model of DENV infection frequently leads

to tissue damage and death. However, it is possible in this

model to assess and distinguish mechanisms necessary for

the host response to deal with infection from those that

cause unwanted, misplaced and uncontrolled inflammation

and drive disease. By understanding where/how host–path-
ogen interactions lead to disease, we may be able to suggest

novel strategies to restrain severe systemic and local inflam-

matory responses.

Key players in experimental dengue infection

CC chemokines

Chemokines are members of a structurally related family

of cytokines involved in leucocyte traffic during infection

and inflammation. They are classified according to the
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relative position of conserved N-terminal cysteine resi-

dues, in which CC chemokines represent the most

abundant family and have the first two cysteines placed

adjacently.72 Chemokine receptors are expressed on the

surface of leucocytes and are G protein-coupled receptors

containing seven transmembrane domains.73

Experimental and epidemiological evidence suggests an

important role for chemokines, especially those from the

CC family, and their receptors in infectious diseases such

as HIV and herpes simplex virus 1.74,75 The expression of

CC chemokines dominates over the expression of CXC

chemokines during viral infections, although this observa-

tion does not represent a general rule.75 Among the CC

chemokines, CCL3/MIP-1a and CCL5/regulated upon acti-

vation, normal T cell-expressed and secreted (RANTES)

are widely associated with viral infections 74,76 During

intranasal influenza virus infection in mice, CCL2/mono-

cyte chemotactic protein-1 (MCP-1) is detected in the

lungs at various time-points post-infection, whereas other

chemokines, including CCL3 and CCL5, are not

expressed.77 On the other hand, respiratory syncytial virus-

infected mice display high levels of expression of numerous

chemokines in the lungs, including CCL3 and CCL5.78

Among flaviviruses, CC chemokine receptors play an

important role in leucocyte recruitment to the central

nervous system.79 Besides a deleterious pro-inflammatory

role that CC chemokines could play in central nervous

system, a well-studied example involves acute infection by

West Nile virus in mice, in which the lack of CCR2 and

CCR5 leads to decreased leucocyte recruitment, increased

viral load in the central nervous system and enhanced

mortality. West Nile virus infection induces high and

continuous levels of CCL2 and CCL5, which are required

for the local accumulation of NK cells, macrophages and

T lymphocytes to control infection.79,80

Recent clinical studies in areas where DENV is endemic

describe a correlation between DHF/DSS and levels of CC

chemokines, including CCL4/MIP-1b and CCL3/MIP-1a,
both ligands for the CCR1 receptor, and for CCL2/MCP-1,

the ligand for CCR2.37,81,82 Bozza et al. showed that CCL4

might be associated with a protective pathway for its

chemoattractive and activating effect on NK cells (CD56+),

which in turn are efficient cells in early virus clearance.

CCL2 would be associated with thrombocytopenia and

vascular permeability, which leads to plasma leakage and

haemoconcentration.37 In addition, both chemokines are

able to induce the recruitment of monocytes, lymphocytes,

dendritic cells among other types of leucocytes in infection

and inflammation.76 Sierra et al. showed that heterologous

ex vivo re-challenge using peripheral blood mononuclear

cells from patients induces high production of CCL2 and

CCL3 in DENV-1- and DENV-3-immune subjects, which

coincides with an induction of heterologous inflammatory

IFN-c and TNF-a and with weak expression of the regula-

tory cytokine IL-10. These findings indicate the critical

importance of previous serotype-specific immunity as an

initial event linked to expression of these chemokines.81

Both chemokines markedly activate macrophages to

secrete TNF-a, IL-1 and IL-6,35 all involved in dengue

pathogenesis.1,2,10 CCL2 also causes endothelial cell tight

junction openings in vitro83 and its induced expression in

vascular endothelial cells increases endothelial permeability

changes,32 finally contributing to the characteristic plasma

leakage of DHF. A link between CCL5, a CCR1/CCR5

ligand, and hepatic dysfunction had already been

shown.84,85 In fact, the chemokine system appears to have

a dual ‘protective versus pathological’ role during experi-

mental DENV infection.

We have recently described the putative role of CC

chemokine receptors CCR1, CCR2 and CCR4 in the

experimental DENV-2 infection model using the adapted

P23085 strain.69 We observed that CCR1 does not seem to

have a major role in DENV pathogenesis. Levels of CCL3

were increased in spleen and liver of infected mice at day

6 post-infection. However, we found that the course of

infection in CCR1�/� mice was similar to that in WT

mice. Levels of CCL3 were greater in spleen and liver of

infected CCR1�/� compared with infected WT animals,

which is in agreement with the idea that chemokine recep-

tors work as important negative modulators or scavengers

of their own ligands.86 Elevated levels of CCL3 could

eventually activate the other CCL3 receptor, CCR5. We

have not investigated the role of CCR5 in DENV-2 infec-

tion outcome but it is clear that CCR1�/� mice had no

major phenotype when infected with an inoculum that

causes severe disease in mice. CCL2 was increased in liver

and spleen of WT mice, which is a finding consistent with

the literature.37,81,87 In CCR2�/� infected mice, levels of

IL-6 and IFN-c, but not TNF-a, were decreased systemi-

cally. There was also decreased activation of major cell

types involved in DENV infection, including CD4+ and

CD8+ T cells, natural killer T (NKT) cells and macrophages.

Therefore, decreased leucocyte activation in infected

CCR2�/� mice may explain the decreased cytokine storm

and decreased tissue damage observed in these animals.

The CCR4 receptor shown to be relevant for virus-

induced liver damage and the associated systemic inflam-

mation in the present model. We also found that CCL17/

TARC, one of the ligands for CCR4, was detectable at

high levels in the spleen of infected mice. Viral load was

not altered in CCR4�/� when compared with WT ani-

mals, which suggest that that CCR4 does not play a major

role in the control of viral entry and replication, but con-

tribute mostly to the cascade of events that lead to tissue

and systemic damage. Interestingly, CCR4 deficiency is

associated with attenuated severity of murine polymicro-

bial sepsis and lipopolysaccharide-induced endotoxic

shock, implicating this receptor in the pathogenesis of

acute conditions.88,89 Other experiments, however, have

found a protective role for CCL22/MDC, a CCR4 ligand,
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in a caecal ligation and puncture model of sepsis in

mice.90 It is difficult to suggest the cellular and molecular

mechanisms by which CCR4 may contribute to the path-

ogenesis of dengue. However, CCR4 may be important

for the trafficking and activation of NKT/invariant NKT

(iNKT) cells and naive CD8+ cells by at least two inde-

pendent chemokine pathways, including CCL17/TARC

and CCL22.91,92 Moreover, pulmonary localization of

iNKT cells is critical for the induction of airway hyperre-

activity and requires CCR4 expression by iNKT cells.93 In

fact, excessive NKT/iNKT activation contributes to the

pathogenesis of severe disease in our model.70 Our studies

suggest that the chemokine storm that follows severe pri-

mary DENV infection is associated with the development

of inflammation rather than protection against severe dis-

ease. Hence, blockade of the chemokine system may be

beneficial as co-adjuvant treatment for severe DENV

infection and might be further explored. A summary of

the role of CC chemokines and their receptors in DENV

infection is shown in Table 2.

Invariant NKT cells

The NKT cells constitute a heterogeneous population of

non-conventional ab T lymphocytes that recognize self

and foreign (glyco) lipid antigens through their T-cell

receptors (TCRs). NKT TCR-mediated responses are

restricted by CD1d, a member of the non-polymorphic

CD1 antigen-presenting protein family that promotes the

presentation of endogenous and pathogen-derived lipid

antigens to the TCR.94–96 CD1d-restricted NKT cells are

divided into invariant (iNKT cells, or type I NKT cells),

the predominant subset which express an invariant TCR-

a chain (Va14Ja18 in mice), and variant (vNKT cells, or

non-invariant or type II NKT cells), which express more

diverse TCRs.94,95 Invariant NKT cells have regulatory

functions in autoimmune and inflammatory diseases, can-

cer and infection.97,98 The activation of iNKT cells by

molecules such as the high-affinity lipid a-galactosylcera-
mide (a-GalCer) induces the robust production of Th1

(IFN-c), Th2 (IL-4) and Th17 (IL-17, IL-22) -associated

cytokines that may influence the ongoing immune

responses during infection.99,100 Murine NKT cells are

present in large amounts in the liver (10–30% of intra-

hepatic T cells),101 and mouse models have shown a piv-

otal role for NKT/iNKT cell activation in liver pathology

during virus-induced and concanavalin A-induced hepati-

tis.102,103 In a closely related manner, liver function is fre-

quently affected in patients during DHF/DSS.1,16,19 As the

studies on the impact of iNKT activity on viral immunity

Table 2. CC chemokines and their receptors during dengue virus infection

Chemokines/Receptors Experimental system Pathological observations References

CCL2 (MCP-1, JE),

CCR2

Human blood, Human PBMC,

PBMC/HUVEC, mice

(DENV-2 P23085)

Increased permeability and disrupted tight junctions

of human vascular endothelium cells; hypotension;

association with DF and DHF; liver damage and shock.

Lee et al.87, Bozza et al.37,

Sierra et al.81,

Guabiraba et al.69,

Tolfvenstam et al.143

CCL3 (MIP-1a) Human PBMC, Human

monocytes/macrophages,

mice (DENV-2 P23085)

Replication-competent virus was required to induce

MIP-1a; association with DF and DHF; strong

influence on the early immune response after

dengue re-infection; liver damage and shock.

Spain-Santana et al.82,

Chen et al.144,

Sierra et al.81,

Guabiraba et al.69

CCL4 (MIP-1b) Human blood, Human PBMC,

KU812 or HMC-1 human

mast cell-basophil lines

Association with severity of secondary heterologous

infection; role of mast cells in the initiation of

chemokine-dependent host responses to dengue

virus infection; levels were observed in patients

with mild dengue. Also associated to CD56+ NK

cell circulating rates.

King et al.145,

Bashyam et al.146,

Bozza et al.37

CCL5 (RANTES),

CCR5

Human blood, Human

endothelial cells,

Hepatocytes/HepG2,

KU812 or HMC-1 human

mast cell-basophil lines,

mice (DENV-2 P23085)

Association with complement activation, chemokine

induction, apoptotic cell death and short-lived

vascular leakage; liver damage and ADE,

T-cell activation.

Avirutnan et al.147,

Lin et al.84, King et al.145,

Brown et al.148,

Conceic�~ao et al.149,

Guabiraba et al.68,69

CCL17/22, CCR4 Human PMBC, Human

liver biopsies, mice

(DENV-2 P23085)

Association with tissue injury and shock in

experimental infection; influence on CD8+

T cells effector function and migration

into the liver.

de-Oliveira-Pinto et al.150,

Guabiraba et al.69

ADE, antibody-dependent enhancement; DENV, dengue virus; DF, dengue fever; DHF, dengue haemorrhagic fever; HUVEC, human umbilical

vein endothelial cells; MIP-1a, macrophage inflammatory protein-1a; NK, natural killer; PBMC, peripheral blood mononuclear cells.
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continues to develop, iNKT cells will probably be found

to contribute to the host response in different viral infec-

tions.96 Their role during hepatitis C virus, a hepacivirus

of the Flaviviridae family, has been investigated in

humans, although conflicting data about the frequency

and function of iNKT cells in both liver and blood have

been reported.102 Some evidence also suggests the mast

cell-mediated recruitment of NKT cells to sites of DENV

infection.104

In our experimental model of DENV-2 infection using

the adapted P23085 strain, we consistently observed that

mice lacking iNKT cells (Ja18�/� mice) were resistant to

severe DENV infection.70 Haemoconcentration and

plasma leakage were strongly reduced in DENV-infected

Ja18�/� mice compared with infected WT mice. In paral-

lel, histopathological analysis of liver sections revealed

that infected Ja18�/� mice developed less hepatic damage.

Hence, in agreement with other studies that demonstrated

a detrimental role of iNKT cells in liver dis-

ease,101,103,105,106 our data strongly suggest that iNKT cells

contribute to hepatic injury during DENV infection. The

viral load was significantly reduced in spleen and liver of

Ja18�/� mice compared with WT animals. Previous find-

ings have suggested that pro-inflammatory mediators

(a)

(b)

iNKT cells

Injury

IL-1β
NK cells

γδ T cells

CC chemokines

Microparticles

Chemokine receptor

CCR2 receptor

CCR4 receptor

DENV

DENV replication site

Injury site

Thrombocytes

Th17/Th22 cells

Mosquito bite

Infection

CC chemokines

Post capillary veins

Liver

Liver

Leucocytes

Interface Blood/Spleen

IL-22

IL-
22

IL
-1

7

Figure 1. Schematics showing the intricate role of chemokines, cytokines and inflammatory leucocytes in the pathogenesis of dengue virus

(DENV) infection. After mosquito bite and infection of host skin and bystander immune cells, certain organs such as liver and spleen will

become important sites of viral replication and inflammation. The disseminated inflammatory response observed in dengue haemorrhagic fever/

dengue shock syndrome (DHF/DSS) will allow a great production of CC chemokines in blood, liver and spleen. This elevated production of

chemokines will contribute to local tissue damage and to the recruitment of different leucocyte populations from the capillary veins into the tar-

get organs through the activation of chemokine receptors. The spleen and blood appear to be primary and privileged sites of leucocyte activation,

especially for T helper type 17 (Th17)/Th22 lymphocytes and thrombocytes, which can express the CCR4 receptor and produce interleukin-22

(IL-22), or produce IL-1b and microparticles, respectively. Once leucocytes are activated they come into contact with CC chemokines (b) and are

recruited into the liver. (a) Invariant natural killer T (iNKT) cells can be recruited trough the CCR2 and CCR4 receptors and play a deleterious

role in the liver, greatly contributing to tissue injury. Natural killer (NK) cells are the main sources of IL-22 in the hepatic parenchyma, and

appear to play a pro-homeostatic role during DENV infection. cd T cells are major sources of IL-17 in the liver, that together with CC chemo-

kines contribute to the massive inflammatory response observed during DHF/DSS. Targeting the CC chemokines, IL-17A and IL-1 family of cyto-

kines may represent an effective adjunct therapy to attenuate the severity of disease manifestations observed in DHF/DSS.
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favour DENV replication in vivo and in vitro,107 so it is

likely that in our experimental setting, iNKT cells indi-

rectly favour virus replication by promoting inflamma-

tion. As the inflammatory response is strongly reduced in

Ja18�/� mice, this positive feedback for viral replication

would be down-regulated. Importantly, Ja18�/� mice

reconstituted with purified iNKT cells from naive intra-

hepatic leucocytes presented 80% lethality. The incom-

plete restoration of the WT phenotype could be due to

an interfering effect of vNKT cells. In some disease condi-

tions, vNKT cells and iNKT cells exert opposing functions

in immune regulation.96,100

The exact mechanisms by which iNKT cells contribute

to DENV pathogenesis are yet to be defined. It is possible

that they act through an early production of inflamma-

tory cytokines that are able to directly and/or indirectly

promote injury. As described in concanavalin A-induced

hepatic injury it is also possible that, through Fas or Fas

ligand interaction, iNKT cells mediate cytotoxic effects on

hepatocytes, so contributing to liver disease.108 In this

system, the Fas/Fas ligand pathway may also participate

in vascular leakage by promoting apoptosis of endothelial

cells. Furthermore, iNKT cells express chemokines recep-

tors such as CCR2 and CCR4, that were earlier men-

tioned in the present review to play important roles in

disease progression during experimental DENV-2

infection.93,109

We aim to investigate further the potential role of

iNKT cells during acute DENV infection in the human

system, which would include the activation status of

iNKT cells in patients infected with DENV in endemic

areas. A better understanding of the in vivo iNKT cell

activation, the chemokines involved in their recruitment

to target organs and their precise functions in DENV

infection may pave the way to development of novel ther-

apeutic approaches such as targeting the development

and expansion of the iNKT population.

Th17-like cytokines

Th17 cells are induced upon TCR activation in the pres-

ence of cytokines that activate STAT3, including IL-6, IL-

21 and IL-23.110 They are an important subset of lympho-

cytes involved in the immune response to extracellular

pathogens including bacteria and virus, and participate

actively in inflammation and autoimmune diseases.110–112

Th17 polarization is characterized by the expression of

chemokine receptor CCR6 and its ligand CCL20, and by

production of IL-17A, IL-17F, IL-21 and IL-22.111,112

Some research groups also identified the Th22 subset,

which is a human T helper subset described by Trifari

et al. in 2009,113 that is characterized by the production

of IL-22 and TNF-a, but not IL-17 or IFN-c.110,113,114

Interleukin-22 is a member of the IL-10 cytokine family

and has been described as playing key roles in inflamma-

tion and tissue homeostasis.115,116 The IL-22 receptor

complex (IL-22R) is expressed in non-haematopoietic

cells in the skin, kidney, liver, lungs and gut, which allows

an important IL-22-mediated regulation of local tissue

responses during infection and/or inflammation.111,117

The IL-22 is produced not only by Th17 or Th22 cells

but also by NK cells, NKT cells, cdT cells and lymphoid

tissue-inducer-like cells.114,118,119

Both IL-17 and IL-22 can induce an innate immune

response in epithelial cells, but their functional properties

are distinct. Whereas IL-17 induces an inflammatory tis-

sue response, IL-22 is believed to be mainly protective

and/or regenerative.114–116,118 In human and experimental

viral infections, IL-22 seems to a play a protective role in

primary respiratory infection by influenza A virus, not

contributing to viral clearance, whereas the IL-17 pathway

contributes to acute lung injury caused by the flu.120,121

Interleukin-22 also appears to be an important mediator

of the inflammatory response following recognition of

hepatitis B virus by T cells in the liver.122 Importantly,

the role of the IL-22 and IL-17 pathway in infections

caused by flaviviruses is poorly known. Hepatic IL-22

expression is up-regulated in viral hepatitis (caused by

hepatitis C virus) without any effect on viral replication

or control.123,124 Therefore, IL-22 is likely to be an

important factor in the pathogenesis and clinical outcome

of hepatitis B virus and hepatitis C virus infections, where

the liver is a major target organ such as in DHF/

DSS.64,125

Recently, it has been shown that acute DENV-2 infection

elicited high levels of IL-17 in patients with severe disease

(DHF).126 However, other studies found a correlation

between IL-17 levels and mild infection (DF).127 Malavige

et al.128 found no differences for IL-17 levels in patients

with DHF who developed shock and those who did not.

Furthermore, Talarico et al.33 demonstrated age-related

differences in the primary response to DENV, characterized

by an immature Th2 polarization and Th17 suppression in

infants. Hence, the ultimate role of Th17 cytokines in the

pathogenesis of dengue is yet to be unveiled.

In the experimental model of DENV-2 infection, using

the P23085 adapted strain, we showed that mice deficient

for the cytokine IL-22 were more susceptible to experi-

mental DENV infection, presenting increased inflamma-

tion and severe tissue injury, especially in the hepatic

parenchyma.68 This was associated with increased mortal-

ity, levels of AST/ALT in serum, greater neutrophil accu-

mulation and/or activation and a small increase in viral

load in the liver. DENV-2-infected HepG2 cells treated

with recombinant human IL-22 showed reduced cell

death and IL-6 production. These data clearly suggest that

IL-22 appears to play a key role in liver homeostasis in

the course of DENV infection.

Regarding the main leucocyte subsets that participate

in our experimental system, cd T cells and NK cells were
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the major sources of IL-17A and IL-22, respectively.

Although we had observed a minor production of IL-17

by CD4+ Th17 cells in the spleens of infected WT mice,

these populations do not appear to represent the real key

players in this experimental setting. Recently, cd T cells

(but not Th17 cells) have been shown to be the primary

source of IL-17A production in the early phase of Escheri-

chia coli infection, which is related to an early infiltration

of neutrophils such as in our model of DENV-2 in

mice.129 Moreover, cd T-cell-derived IL-17A is critical for

the optimal induction of cytotoxic T lymphocyte

responses and protection against primary intracellular Lis-

teria monocytogenes infection in the liver.130 Interleukin-

17A production during experimental DENV-2 infection

was strongly correlated with disease severity, which was

confirmed by the fact that infected IL-17RA-deficient

mice were less susceptible than WT mice.68 Immature or

mature NK cells (CD3� NKp46+) have been identified in

the mucosa and found to be capable of producing IL-22

in different models of infection.121,131 We have shown

here that NK cells (CD3� NK1.1+) are the major produc-

ers of IL-22 in the present model. Although the mecha-

nisms of activation and local function of these

populations in host defence and tissue homeostasis dur-

ing DENV-2 infection require further investigation, we

described for the first time that cd T cells and NK cells

participate in the production of IL-17A and IL-22 in

experimental DENV (or in any other flavivirus) infection.

One of the striking observations in the IL-17/IL-22 axis

in our experimental model of DENV-2 infection is the

fact that infected IL-22�/� mice presented increased pro-

duction of IL-17A in the spleen and liver, and neutraliza-

tion of IL-17A in these mice reverted the worsened

phenotype observed in mice lacking IL-22. Other studies

have addressed the cross-talk between IL-17A and IL-22

production. Besnard et al.132 showed that IL-22 may reg-

ulate the expression and pro-inflammatory properties of

IL-17A in allergic lung inflammation. Sonnenberg et al.112

described that IL-17A could suppress IL-22 expression in

Th17 cells after bleomycin-induced lung inflammation

and fibrosis. Although a reciprocal regulation of IL-17A

and IL-22 is observed in vivo, the underlying cellular and

molecular mechanisms that may affect the functional

properties of these cytokines in distinct peripheral tissues

are yet to be described. Therefore, IL-22 seems to coun-

terbalance the production of IL-17A in experimental

severe dengue infection. Pro-inflammatory mediators pro-

duced by epithelial cells in response to IL-17A are neutro-

phil- and granulocyte-attracting chemokines (i.e. CXCL1,

CXCL2), IL-6 and several growth factors.13–15 Neutrophil

accumulation and activation are increased in DENV

infection, so this could be an important function for

IL-17A in this disease. In addition, IL-17A expression is

markedly reduced in the spleens of iNKT-cell-deficient

mice (Ja18�/�) during infection (R. Guabiraba, J. Renneson,

and F. Trottein, unpublished data). The close association

of iNKT cells and the production of IL-17 or IL-22 in

experimental DENV infection might require further inves-

tigation.

Role of platelets, inflammasome and IL-1

Although thrombocytopenia is observed in mild and

severe forms of DENV infection, the role of platelet acti-

vation in dengue pathogenesis has not been fully eluci-

dated. Hottz et al.133 hypothesize that platelets have

major roles in inflammatory amplification and increased

vascular permeability during severe forms of dengue.

They reported an increased expression of IL-1b in plate-

lets and platelet-derived microparticles from patients with

dengue or after platelet exposure to dengue virus in vitro.

Further, DENV infection led to microparticle release

through mechanisms dependent on NLRP3 inflamma-

some activation and caspase-1-dependent IL-1b secretion

by platelets. Inflammasome activation and platelet shed-

ding of IL-1b-rich microparticles correlated with signs of

increased vascular permeability. Moreover, microparticles

from DENV-stimulated platelets induced enhanced per-

meability in vitro in an IL-1-dependent manner.133 These

data provide strong evidence that platelets contribute to

increased vascular permeability in dengue virus infection

by inflammasome-dependent release of IL-1b. Additional
studies on the role of platelets and IL-1 family members

may be important to fully understand their roles in

DENV pathogenesis.

In summary, strategies that may limit IL-1 and IL-17

production at local sites of inflammation and viral repli-

cation during DENV might represent a step forward in

the attenuation of severe manifestations of the disease

such as DHF/DSS. In addition, any eventual strategy that

allows local release of IL-22 or enhances IL-22 production

to counterbalance the up-regulation of IL-17 would also

bring a beneficial impact to limit tissue damage and

hepatic dysfunction during DHF/DSS. However, further

experimental studies are necessary to understand the

complex interactions of the virus with the host cells and

the regulation of cytokines, chemokines and other media-

tors of inflammation including complement, tissue

homeostasis and metabolism at large.

Concluding remarks

This is a comprehensive review of DENV biology and

research, especially of the different mouse models used to

study the pathogenesis of DENV infection. Overall, each

mouse model has its advantages and disadvantages and

the researcher must carefully select the optimal model to

investigate dengue immunopathogenesis and pre-clinical

testing of antiviral drugs and vaccines. With a focus on the

immune competent mouse model of DENV-2 infection, we
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described important molecular and cellular mechanisms

underlying the exacerbated inflammatory response trig-

gered by uncontrolled viral replication in mice (Fig. 1).

These studies will help to define new potential targets to

attenuate disease severity and outcome in patients.

Although the P23085 adapted strain represents progress,

further studies are required to define how the altered

sequence by this adapted strain influence host–pathogen
interactions and to scrutinize the phenotype against the

known clinical aspects of DHF/DSS in humans.
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